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Structure from Motion elevation model for adding topographic correction to ground penetrating radar
L.A. Mowbray, Portland State University Geology Department. Thesis advisor M.L. Cummings
Abstract
High resolution elevation models have
become a standard tool in environmental,
geological and archaeological investigations,
however; the cost of acquiring Lidar in
remote areas, on small project sites or over
repeated time intervals remains prohibitively
expensive. Here, open-source software and
GIS are used to create a digital elevation
model (DEM) from aerial photos in a process
known as Structure from Motion (SfM). This
process is a fraction of the cost of Lidar
acquisition, and is shown to produce a
model with comparable resolution. The
photos used here were taken from a camera
hung from a balloon ﬂown at Mickey Springs
in the Alvord Desert, SE Oregon. The model
was georeferenced by a combination of
hand-held GPS and total-station-surveyed
ground control points (GCPs). As a proof-ofconcept, DEM-derived elevation proﬁles are
compared
to
total-station-surveyed
elevation proﬁles (independent of the GCPs)
used to apply topographic correction to
ground penetrating radar (GPR) transects.
The results of this study show that SfMderived
DEMs
can
be
used
to
topographically correct dense grids of GPR,
or be used to add topography to other
subsurface investigations such as resistivity
or seismic surveys, saving time in the ﬁeld.

The balloon was inﬂated on site, and ﬂown
for a total of about 1.5 hrs. Total time spent
in the ﬁeld for the photo acquisition was
about 2 hours, including inﬂation and
deﬂation of the balloon. Interval timer for
the camera was set to 1 photo every 10
seconds. Site conditions were overcast and
calm.

Due to recent precipitation, the ground was
moist, leading to high contrast of diﬀerent
soil types in these photos which are more
subtle or indistinguishable under dry
conditions. Also, overcast conditions meant
no high-contrast shadows in the photos.

A total of 560 photos were used for point reconstruction.
Photos were taken from 200 m elevation and 75 m elevation.
The higher photos had a broad ﬁeld of view for greater
overlap of imagery, and the lower elevation photos provided
detail and added parallax for height determinations. One
method that could be added to improve the point
construction is addition of an oblique camera angle (tilting
the camera in the harness) for a portion of the photos, to
provide a diﬀerent angle of the same objects. A slight
breeze can achieve this, by swinging the camera back and
forth. Too much wind, however, results in blurry photos.
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Right is the GPR track shown with the DEM colored by elevation and shaded by slope,
and below that the georeferenced photo with areas labeled where there was high
discrepancy between the surveyed and DEM-derived elevations.
Some areas of uniform sediment had enough points for dense point construction, but
the created points may not represent true topography. Here (red circle), the curvature
of the terrain is varies between the surveyed points and the DEM. The result is a slight
shift in the orientation of the bedding planes in the GPR track.

Vegetation

Low variation
in texture

Vegetation is modeled as topography in the DEM creation. In vegetated areas, the
DEM elevations are higher and more variable than the surveyed elevations. As the GPR
topographic correction follows these variations, the depiction of the bedding in the GPR
image becomes skewed (yellow circle).
In the last 50 m of the GPR track, the DEM and survey elevations diverge (blue circle).
This may be a registration/ rotation error when georeferencing the point cloud, or could
be due to alignment of the GPR track with the point cloud. Since the trend of the two
points is basically the same, the resulting topography shift to the GPR track is slight.
The elevations of bare areas with no points are interpolated in DEM creation, but may
not be accurate. It is generally easier to run GPR in these same types of areas, as
there is no vegetation to interfere with placement of the antennae. Thus, site selection
for the GPR track must also consider suitability for point cloud construction for this
approach to be eﬀective. One way to improve model results is to mark the GPR path
with measuring tape. This is typically done anyway for the GPR, and the balloon can
be launched to photo-document the entire process. Photos of after the session (when
people are clear of the site, but the tapes are still in place) can be used to construct
the point cloud. If the tape is visible in the photos, it can help ensure matching points
directly on the GPR track. And, the track may be visible in the ﬁnal point cloud, for use
as ground control points for georeferencing.

Topography applied to GPR from DEM-derived elevatoins

Systematic error

A comparison plot (right) shows the surveyed elevations (blue
stars) and the DEM-derived elevations (red x’s). The calculated
diﬀerences (lower right) between surveyed and DEM-derived
elevations shows a maximum diﬀerence of 81 cm. The mean
diﬀerence was 30 cm, with a standard deviation of 23 cm. A
normalization was not applied to make the mean diﬀerence 0,
because it was expected that the DEM-derived elevations would be
slightly higher, due to vegetation.

Depending on the needed resolution and precision of the GPR, the
topographic correction from the DEM-derived elevations may be adequate.
Slight systematic error in registration of the point cloud is spread across a
large portion of the GPR track, and does not noticeably aﬀect the image for
assessment purposes. Possible work-arounds exist for enhancing the DEM in
vegetated areas. Color could be used to ﬁlter green points (or dark brown in
this case) out before DEM rasterization, or minimum values could be used to
evaluate each grid cell, rather than a mean value. Careful site selection and
planning can relieve the matching problem over bare ground, either by
choosing conditions or placing objects on the site to enhance point
matching.
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SfM can be used to derive elevation data for adding topographic correction to GPR surveys.
Ideal ﬁeld conditions for the aerial photos at this site were overcast (to reduce harsh shadows)
and damp (to increase soil contrast), but ideal conditions may vary between ﬁeld sites. For
best point matching of photos, textural detail is needed, but for a smooth DEM, low vegetation
or bare ground is ideal.
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The comparison of the surveyed and DEM-derived elevations have a mean diﬀerence of 30 cm
and standard deviation of 23 cm. The largest errors were in areas of vegetation and where a
lack of variation or texture in the photos led to poor point creation.
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Ground penetrating radar (GPR) is a
nondestructive ﬁeld technique that uses
radar pulses to image the shallow
subsurface (Davis & Annan, 1988). The GPR
transect used here was run with 100 MHz
unshielded antennas spaced 1 m apart
operating at 1000 volts with horizontal
resolution of 50 cm and 10 m penetration
depth. Topography was surveyed at 2 m
intervals using the same survey equipment
and datum as the GCPs. Elevations were
derived from the DEM by calculating
position of the same number of points along
the GPR track. Ekko_View Deluxe (Sensors
& Software, 2009) was used to process and
visualize the GPR data to both the surveyed
elevations and the elevations derived from
the DEM.

The above orthogonal view of the study area with 2x vertical exaggeration was created
in ArcScene, using an georeferenced aerial photo from the balloon, with elevations
derived from a smoothed 25 cm resolution DEM. The photo was georeferenced to the
DEM, and individual shrubs in the photo appear as topographic highs in the DEM, giving
them vertical relief in this image. The points used to add topography to the GPR track
are shown, colored to indicate the diﬀerence between the surveyed and DEM-derived
elevations. The white line on image right is the tether from the balloon.

Diﬀerence in
elevation (m)
(DEM - survey)

Elevation (m)

The photos were digitally processed using
VisualSfM (Wu, 2011) to create an elevation
point cloud. This point cloud was imported
to Meshlab (Cignoni & Ranzuglia, 2014) for
removal of erroneous points, and then into
CloudCompare (Girardeau-Montaut, 2012)
for georeferencing by visually matching
points in the model to GCPs.
This
georeferenced point cloud was then
exported as a .las ﬁle and imported into
ArcMap (ESRI, 2014) as a LiDAR dataset to
create a digital elevation model (DEM), and
a selection of the aerial images were
georeferenced in ArcMap to the DEM.

The GPR and aerial mapping presented here were not collected
at the same time. The image below shows a point cloud
reconstructed from photos taken during the GPR ﬁeldwork, in
which the cones, tripod for the total station, and even the
measuring tape are resolved as points in the point cloud.
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Elevation
modeling
was
done
using
Structure
from
Motion
(SfM),
a
photogrammetric technique which uses
multiple photos of an object to build a point
cloud model by matching features and
comparing diﬀerences between photos. A
total of 560 photos of the spring area were
used, taken with a Lumix DMC-TS5D digital
camera suspended from a helium balloon
ﬂown at elevations of 200 m (357 photos,
for extent) and 75 m (203 photos, for
detail). Ground control points (GCPs) were
surveyed with a total station (Sokkia Set
4BII), and elevations were tied to USGS
benchmark 28 STR (PID NX0385), with an
elevation of 1,247.101 m adjusted to the
North American Vertical Datum of 1988.

The dense reconstruction is only
processed in areas where the sparse
point density meets a critical
threshold. Several bare spots can be
seen in the dense model.
These
areas of low density points occur in
areas where no or few features were
matched from the photos.
Field
conditions that cause this are uniform
bare soil with no texture, or uniform
vegetation with random texture (a
ﬁeld of grass for example).

This method could be used as a time-saving addition to surveying when dense grids of GPR
are needed in a small area. The aerial photos and elevation model produced can also provide
documentation of site conditions at the time of GPR collection.

Applied
software:
VisualSfM
Meshlab
CloudCompare
ArcGIS 10.2
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